Descent of the testis from an intra-abdominal site in foetal life to an extracorporeal location after birth is a mandatory developmental process to ensure that the mature testis promotes normal spermatogenesis. The two phases of transabdominal and inguinoscrotal descent occur approximately during the first and last thirds of gestation respectively. Key anatomical events to release the testis from its urogenital ridge location and to guide the free gonad into the scrotum are the degeneration of the cranio-suspensory ligament and a thickening of the gubernaculum. Androgens play a role in both these processes, particularly with respect to enabling the testis to traverse the inguinal canal in the final phase of descent. Experiments in animals suggest that androgens mediate this effect via the release of calcitonin gene-related peptide by the genitofemoral nerve, but direct evidence for such a mechanism is lacking in humans. The transabdominal phase of descent is under the control of insulinlike 3 (INSL3), a product of the Leydig cells. Definitive evidence of its role in rodent testis descent is illustrated by the phenotype of bilateral cryptorchidism in Insl3K/K null mice. Circulating levels of INSL3 are higher in boys at puberty, are undetectable in girls and are lower in boys with undescended testes. A minority also have a mutation either in the INSL3 gene or affecting its receptor gene, relaxin/insulin-like family peptide receptor 2 (LGRF8). Other factors that may play a role in testis descent include the anti-Mullerian hormone and members of the HOX gene family. Evidence that the prevalence of undescended testis may be increasing provides a phenotypic readout for the effects of postulated chemicals in the environment interfering in some way with the action of factors that control testis descent. Epidemiological studies point to profound geographical variations in prevalence in countries such as Denmark and Finland. Associations have been found with levels of chemicals labelled as endocrine disruptors being higher in breast milk samples from mothers with cryptorchid boys when compared with controls. The adverse effects of these compounds (e.g. bisphenol A) can be replicated in the offspring of dams exposed during pregnancy. A sensitive marker of an anti-androgen effect of a compound is a reduction in the anogenital distance, an anthropometric measurement that is significantly greater in males compared with females. The observation of an association between the anogenital distance in infant boys and the level of pesticides in the urine of their mothers in late gestation indicates that this has the potential to be a useful surrogate marker of the effects of environmental chemicals on testis descent in human population studies. The rightful place for the testis at birth is in the scrotum in order to provide the temperature differential essential for normal spermatogenesis. Appropriate screening programmes and early surgical intervention are the prerequisites to ensure optimal fertility in adulthood and a considerably lessened risk of testis cancer.
Introduction
In most mammals, the testis must descend from the abdomen to an extracorporeal position to provide a lower ambient temperature for normal spermatogenesis. The decrement in intratesticular temperature compared with body temperature in adult males is in the order of 2-4 8C (1). It is hypothesised that this is the result of evolutionary adaptation to the need for a regulated hyperthermic metabolic milieu in ancestral mammals for the function of abdominal organs such as the liver and kidneys (2) . Nevertheless, some mammals have continued reproducing despite having testes permanently sited in the abdomen. Thus, the whale manages by virtue of a specialised blood supply that promotes heat exchange.
There is abundant clinical evidence in humans for adverse effects of increased ambient temperature on spermatogenesis (3) (4) (5) (6) (7) . Varicocele and undescended testis are well-recognised causes of male infertility associated with abnormal spermatogenesis, but lifestyle factors such as the taking of hot baths, sauna use, wearing tight fitting underpants and prolonged sedentary occupations all conspire to raise scrotal skin temperature. Modern man is now at risk from the effects of the use of laptop computers actually positioned on laps when in use (8) . Scrotal skin temperatures are significantly increased after 15 min of laptop usage and within 1 h of usage the external undersurface of the laptop can reach 40 8C. Is a current generation of young, high-flying financial city gents at risk of infertility? There has even been concern that the use of plastic lined nappies in infant males may be detrimental to later reproductive function (9) . The difference in temperature measured rectally and from the overlying scrotal skin was significantly greater with the use of cotton lined versus plastic lined nappies. A lowering of the rectoscrotal temperature gradient by just 1-2 8C is sufficient to experimentally suppress spermatogenesis (10) . Clearly, it is not possible to extrapolate the findings from the scrotal temperature study in male infants to a risk of infertility, but the infancy period is a time when Sertoli cell mass is established as the supporting cells for germ cell function in adulthood (11) .
The time of gestation when the testis has completed its descent into the scrotum varies considerably amongst different mammals ( Fig. 1) (12) . The human testis is descended generally at birth, in common with the rabbit, pig and horse. By contrast, cattle and deer have testes fully descended early in gestation whereas this is considerably delayed after birth in the dog. Irrespective of the timing, all models share in common a two-phase process of transabdominal and inguinoscrotal descent, which is controlled by different mechanisms.
Embryology of testis descent
The commitment of the bipotential gonad to testis determination in the urogenital ridge is a prelude to the male gonad starting its long migration to the scrotum. The multiple factors that control testis development in the foetus are reviewed elsewhere (13) (14) (15) (16) . Figure 2 depicts the formed foetal testis that is destined to differentiate into three functioning cellular components, of which two are already active in foetal life and essential for normal male development. Sertoli cells produce anti-Mullerian hormone (AMH) during a critical short window in early development to cause regression of Mullerian structures. Contemporaneously, Leydig cells produce testosterone in large concentrations to act in a paracrine manner to stabilise the Wolffian ducts and systemically to masculinise the external genitalia. Later, high intratesticular concentrations are required for spermatogenesis. All these androgen effects are mediated by the ligand binding to the intracellular nuclear androgen receptor (AR) and activating androgen-responsive genes (17) . The Leydig cell also produces insulin-like 3 (INSL3) that is at least part controlled by human chorionic gonadotrophin (hCG) and luteinising hormone (LH) (18) . This peptide, by binding to its receptor leucine-rich repeat-containing G proteincoupled receptor 8 (LGR8), is also a factor in the control of testis descent. An alternative name for this protein reflecting its role in testis descent is G-protein-coupled receptor affecting testis descent, GREAT.
A diagrammatic representation of the anatomy of testis descent is illustrated in Fig. 3 . The testis is attached to the diaphragm by the cranio-suspensory ligament that degenerates in the male to allow the release of the testis to migrate across the abdomen. The cranio-suspensory ligament is maintained in the female thus allowing the ovary to retain its pelvic location. There is simultaneous thickening of the gubernaculum in the male, which helps to anchor and retain the testis to the inguinal region while the abdominal cavity is enlarging. The gubernaculum does not enlarge in the female and is retained as the ovarian round ligament. The duration of these two phases of testis descent is depicted in the figure. An interval of around 10 weeks of inactivity between the phases is not readily explained. The gubernaculum reaches out from the abdominal wall of the inguinal region to traverse the pubic region into the scrotum. The processus vaginalis becomes an extension of the abdominal cavity within the gubernaculum linking the scrotal and peritoneal cavities. The gubernaculum appears to act as a guide wire for the scrotal descent of the testis. This structure has been likened to a limb bud in forging a bulge in the anterior abdominal wall in the site destined to become the external inguinal ring (19) . The simile is supported by evidence of expression in the gubernaculum of HOXA10 and FGF10, growth regulatory genes characteristically found in developing limb buds (20) .
The inguinal canal is widened by the effect of the thickening gubernaculum and increased abdominal pressure promotes passage of the testis and epididymis through the canal engulfed by the processus vaginalis. It is estimated that the distance covered in relative terms during this period of testicular migration is around 5-10 cm to enable the inferior pole of the testis to settle at the bottom of the scrotum. For normal descent to occur, the processus vaginalis closes and thereafter involutes. It is likely that incomplete involution may be an underlying cause of the ascending testis by impeding elongation of the spermatic cord during testis descent (see later).
Genetic and hormonal control of testis descent

Transabdominal phase
Distinctly separate mechanisms are involved in controlling the two phases of testis descent. Androgen induces regression of the cranio-suspensory ligament to release the testis to descend. Otherwise, androgens are not required for the first phase of testis descent. Studies in disorders associated with defects in androgen biosynthesis show that the testes are invariably descended as far as the inguinal region. In gonadotrophin deficiency such as that occuring in Kallmann and Prader-Willi syndromes, the testes have generally traversed the abdomen. Figure 4 illustrates the location of the testes in a series of cases of androgen biosynthetic disorders and androgen insensitivity syndrome recorded on the Cambridge Disorders of Sex Development database. Even in the complete form of androgen insensitivity syndrome with no scrotal development, a significant number of gonads descend as far as the labia. The pattern of location site was similar in the partial form (partial androgen insensitivity syndrome) whether an AR mutation was identified or not.
The thickening of the gubernaculum, a process crucial for anchoring the testis to the inguinal region, appears to be controlled by INSL3 and its receptor as evidenced by studies in mice. Disruption of the Insl3 or Lgr8 genes results in bilateral intra-abdominal testes and maldeveloped gubernacular (21, 22) . Furthermore, over-expression of Insl3 in female mice results in descent of the ovaries to the inguinal region and development of a processus vaginalis (23) . The role of this peptide in the control of testis descent in humans is less clear cut. Mutational analysis of the INSL3 and LGR8/GREAT genes in boys with either unilateral or bilateral cryptorchidism has revealed only a small minority of cases that harbour sequence changes of functional significance (24) . A number of substitutions are reported such as Ala60Thr in INSL3 and Ile160Val in LGR8, but functional studies in vitro show no ligand or receptor dysfunction. However, a Thr222Pro substitution located in the extracellular domain of the LGR8 receptor resulted in the loss of cAMP generation with increasing concentrations of INSL3 using mutant constructs transiently expressed in 293T cells (25) .
INSL3 is a circulating peptide that can be measured by standard immunoassay (26) . Levels are increased at puberty and adulthood while they are undetectable in females. The dependency on gonadotrophic control is illustrated by higher levels in cord blood and in serum from 3-month male infants compared with prepubertal boys (27) . This study also reported a significant reduction in cord blood INSL3 levels of persistently cryptorchid boys and a significant increase in the serum LH:INSL3 ratio in 3-month-old persistently cryptorchid boys. It is clear that INSL3 binding to its seven transmembrane G-protein-coupled receptor does play some role in transabdominal descent of the testis in humans.
Another factor implicated as having some role in the first phase of testis descent is the Sertoli cell product, AMH (28) . Mutations in the gene for the ligand or the AMH receptor cause the persistent Mullerian duct syndrome in males, which not only leads to retention of a uterus and Fallopian tubes, but also maldescent of the testis (29) . However, it is likely that the cause is mechanical in nature because of the testis being attached to a Fallopian tube, rather than the syndrome indicating direct evidence for a role of AMH in testis descent in the human. Also, AMH receptor-deficient mice have normal testis descent (30) . Disruption of some Hox genes in the mouse lead to cryptorchidism but this is probably not relevant to human studies of cryptorchidism (18) .
Inguinoscrotal phase
Androgens predominantly control the second phase of testis descent into the scrotum. The steroid functions by activating the nuclear AR to induce transcription of androgen-responsive genes. It is axiomatic that any one of the numerous causes leading to a defect in androgen production or action can manifest with failure of testis descent. Rarely is this an isolated finding, the phenotype usually comprising an associated hypospadias, bifid scrotum and micropenis (31) . However, in a large study of males with infertility, 1.7% had a mutation in the AR gene with some displaying a history of cryptorchidism (32) . Isolated cryptorchidism is an unlikely consequence of an AR mutation but may be associated with a mild phenotype such as a history of gynaecomastia and impaired sperm production.
The AR gene is characterised by two polymorphic regions in exon 1 comprising CAG and GGC repeats that encode for variable stretches of glutamine and glycine respectively. There is an inverse relationship between the number of CAG repeats and the transcriptional activity of the AR when studied in vitro (33) . There is also some biological plausibility to experimental observation as there are clear associations with shorter CAG repeats and disorders linked to enhanced androgen action. These include premature adrenarche and acne in females, and an increased risk of metastatic disease in prostate cancer (34, 35) . Conversely, longer CAG repeats have been associated with idiopathic hypospadias, undescended testes and decreased sperm counts (36) (37) (38) . The association with cryptorchidism is stronger when combined analysis of CAG and GGC repeat lengths is performed (39) .
There is abundant circumstantial evidence for the effect of androgens promoting descent of the testis into the scrotum. This includes the completion of testis descent, which often occurs after birth commensurate with the neonatal surge in testosterone levels (40) . Furthermore, hCG injections that produce a significant rise in testosterone levels have been a time-honoured method for medical management of undescended testis (41) . It seems that a high local concentration of testosterone is required to mediate these effects, but what is the mechanism? Experiments in rodents point to the role of the genitofemoral nerve and its neurotransmitter, calcitonin gene-related peptide (CGRP). Androgens mediate a sex-dimorphic differentiation of the genitofemoral nerve with release of CGRP that causes a rhythmic contraction of the gubernaculums (42) . Prenatal administration of an anti-androgen inhibits development of the genitofemoral nerve nucleus in the rat and testis maldescent (43) . If the genitofemoral nerve is transected, this leads to a failure of gubernacular migration and normal testis descent (44) . Evidence for the role of this nerve and its CGRP transmitter in testis descent in humans is less persuasive than in rodents. Children with neural tube defects such as spina bifida have undescended testes, but such a major congenital malformation is too non-specific an example to invoke a similar mechanism for inguinoscrotal descent operating in humans (Fig. 5) .
Environmental factors
Epidemiological studies suggest that an increase in prevalence of cryptorchidism has occurred in recent Figure 4 Location of testes in disorders of sex development (DSD) recorded on the Cambridge DSD Database. CAIS, complete androgen insensitivity syndrome; PAIS, partial androgen insensitivity syndrome (mtK, AR mutation not identified; mtC, AR mutation identified); 17HSD, 17b-hydroxysteroid dehydrogenase deficiency; 5RD, 5a-reductase deficiency.
years (45) . Prevalence figures vary by geographical region but a figure of 2-4% is generally considered to be the range for full-term male infants. Cryptorchidism is certainly the commonest birth defect in males. There is a remarkably higher prevalence of cryptorchidism in Denmark compared with, for example, Finland (Fig. 6 ) (46) . The prevalence in both populations falls by 3 months of age reflecting the effect of increased ambient testosterone levels at this time, but the prevalence of testis maldescent is still twofold greater in the Danish population. These observations of changing temporal trends and geographical variability in prevalence suggest a role for environmental factors in the aetiology of cryptorchidism. Humans are exposed to more than 80 000 chemicals some of which have properties that have estrogenic effects or can interfere with androgen synthesis and action. These include pesticides, phthalates and bisphenol A (47) . Studies in rodents can replicate the effects of androgen insufficiency by administering such compounds to pregnant dams anddemonstrating undescended testes, hypospadias and reduced anogenital distance in male offspring (48) . The latter morphological marker is a sensitive bioassay of androgen action in animal reproductive toxicology studies (49) . Data are available on anogenital distance in newborns measured according to the anatomical landmarks illustrated in Fig. 6 (50) . The distance is generally twofold greater in males than females. The technique was applied to a study of prenatal exposure to phthalates as determined by measurement of four phthalate metabolites in prenatal maternal urine samples (51) . The anogenital distance in boys was calculated at a mean age of 16 months and was significantly decreased with increasing phthalate levels. There was also a trend for a shorter anogenital distance in boys with incomplete testis descent. In a cohort of boys with hypospadias or cryptorchidism, the anogenital distance quantified as anterior and posterior anoscrotal distance and measured at the time of surgery was significantly shorter in hypospadias but not in cryptorchid boys compared with normal boys (52) .
Population studies are required to determine whether trends in the prevalence of relatively common male reproductive tract disorders such as hypospadias and cryptorchidism are related to environmental factors. To that end, a Cambridge Baby Growth Study is ongoing which comprises the recruitment of pregnant women at antenatal booking to follow their progress through gestation (see http://www.medschl.cam.ac.uk/paediatrics). A range of biological samples for analysis of relevant hormones and chemical endocrine disrupters are being collected from the mother and thereafter, from her offspring until 2 years of age. Detailed anthropometric measurements of the infant include birth weight and length, precise location of the testes, anogenital distance and repeated at intervals thereafter. A case control study will evaluate any differences found between normal boys and boys with genital anomalies. It is important to recognise that any cause of testis maldescent postulated to be attributed to environmental factors must be evaluated in relation to a number of known associations with undescended testis (Table 1) .
A common denominator for many of the associations with undescended testis is some interference with the production or action of testosterone, which is clearly required to enable the testis to assume its low scrotal position by birth or soon thereafter. Reliable newborn examination is the bedrock for detecting undescended testis early, together with a suitable screening programme that will ensure the ascending testis is also not missed (53, 54) . The ascending testis or acquired (as opposed to congenital) undescended testis presents between 5 and 10 years of age and provides a significant amount of the orchidopexy load (55, 56) . It has been debated whether the preferred management should be an expectant policy in these cases of waiting for spontaneous descent at puberty rather than routinely performing orchidopexy (57). It is not clear whether the ascending testis is merely the result of a mechanical impediment to elongation of the spermatic cord from incomplete involution of the processus vaginalis (as previously mentioned), or is also linked to some cause of androgen dysfunction. The Cambridge epidemiological study may provide some insights if sufficient numbers of cases of congenital and acquired undescended testis are recruited in due course.
The correct place for the testis by birth or soon afterwards in the human is to be firmly anchored to the base of the scrotum. There is abundant evidence for a strong association between testis maldescent and later risk of infertility and testis cancer (58, 59) . Consequently, it is important that appropriate screening programmes and early surgery are implemented as preventative measures. The risk of testis cancer is significantly decreased if orchidopexy for undescended testis is performed before puberty (60) . In reality, it is recommended that orchidopexy is undertaken as early as 6-12 months of age to ensure the optimal germ cell development that occurs during the first year of life (61, 62) .
In conclusion, the descent of the testis in humans is controlled predominantly by androgens coordinating a combined degeneration and thickening of two ligaments respectively, which anchor the foetal male gonad. The release and transfer of the testis to the scrotum occur in two phases. The transabdominal phase is controlled in the rodent by INSL3, whereas the role of this Leydig cell protein product is less clear in the human. Equally, evidence for the release of CGRP by the sexually dimorphic genitofemoral nerve to stimulate gubernaculum rhythmicity is less persuasive in the human than it is in the rodent model. There is strong clinical evidence for the role of androgens completing testis descent at or shortly after birth. 
